Background: fall-risk assessment with fall-prevention intervention referral for at-risk groups to avoid falls could be costeffective from a care-payer perspective. Aims: to model the cost-effectiveness of a fall-risk assessment (QTUG compared to TUG) with referral to one of four fallprevention interventions (Otago, FaME, Tai Chi, home safety assessment and modification) compared to no care pathway, when the decision to screen is based on older age in a primary care setting for community-dwelling people. Methods: a cohort-based, decision analytic Markov model was stratified by five age groupings (65-70, 70-75, 65-89, 70-89 and 75-89) to estimate cost per quality-adjusted life years (QALYs). Costs included fall-risk assessment, fall-prevention intervention and downstream resource use (e.g. inpatient and care home admission). Uncertainty was explored using univariate, bivariate and probabilistic sensitivity analyses. Results: screening with QTUG dominates (>QALYs; <costs) screening with TUG irrespective of subsequent fall-prevention intervention. The QTUG-based care pathways relative to no care pathway have a high probability of cost-effectiveness in those aged 75-89 (>85%), relative to those aged 70-74 (∼10 < 30%) or 65-69 (<10%). In the older age group, only a 10% referral uptake is required for the QTUG with FaME or Otago modelled care pathways to remain cost-effective. Conclusion: the highest probability of cost-effectiveness observed was a care pathway incorporating QTUG with FaME in those aged 75-89. Although the model does not fully represent current NICE Falls guidance, decision makers should still give careful consideration to implementing the aforementioned care pathway due to the modelled high probability of cost-effectiveness.
Introduction
The National Institute for Health and Care Excellence (NICE) in 2013 estimated that falls in older adults cost the UK's National Health Service (NHS) around £2.3 billion per year [1] . Up to 30% of adults aged 65+ years (i.e. older people) are estimated to fall each year, rising to 50% of those aged 80+ years [2] . Not all falls result in injury, but the probability of a fall requiring medical attention increases with age [3] and may result in declined levels of physical functioning and social activities [4] . Technologies and methods have been developed to screen for fall risk and reduce risk and rate of falls, particularly in older people. NICE Falls guidance states: individuals at risk of falling should be given a multifactorial risk assessment followed by a multifactorial intervention, which addresses risk factors identified by the initial assessment [1] .
For assessing fall risk, the timed up and go (TUG) test is quick, simple and frequently used in clinical practice worldwide to assess an individual's balance and gait [1, 5] . A systematic review of TUG test efficacy suggested it should not be used on its own to predict fall risk, due to the high number of false positives for people being at high fall risk [6] . An adapted version of the TUG test, the Quantitative Timed Up and Go (QTUG TM ), uses a statistical assessment of fall risk and has already been shown to have improved sensitivity and specificity compared to the TUG test [7, 8] , for which there is an NICE Medtech innovation briefing report [9] .
For fall prevention, a wide variety of community-based interventions have been summarised and included in a 2012 Cochrane review (159 trials; 79,193 participants) focussed on their efficacy in relation to reducing risk and rate of falls [2] . These interventions can be broadly classified as inclusive of exercise as a single intervention (59 trials) and multifactorial programmes (40 trials), and included specific examples such as multiple-component group or home-based exercise, Tai Chi, multifactorial interventions including individual risk assessment and home-safety assessment and modification interventions, among other interventions [2] . Cochrane produced updated reviews of fall-prevention interventions for community-dwelling people in 2018 (multifactorial and multiple component interventions) [10] and 2019 (exercise) [11] , albeit with a different perspective/grouping of the interventions compared to Gillespie, Robertson [2] .
The aim of this study is to evaluate the cost-effectiveness of a fall-risk assessment (QTUG compared to TUG) plus a fall-prevention intervention as a 'fall-related care pathway' compared to each other care pathway and no care pathway using a health economic decision model. Modelling has been chosen as the most appropriate method to evaluate the care pathways due to the various fall-risk assessment and fall-prevention interventions, which need to be included. This would not be feasible within a randomised controlled trial (RCT) due to the large number of arms or complex methodology such a trial would need. Instead, modelling offers a timely and cost-effective method for providing information to decision makers about the probability of a specific care pathway being cost-effective relative to an alternative [12] and is recommended by the UK Medical Research Council Complex Intervention Guidance (2006; to be updated by 2019) [13] , albeit the current model is a necessary simplification of the complexities around falls and does not fully represent current NICE Falls guidance [1] .
Methods
A decision analytic model was developed focussed on fallrelated care pathways; when fall-risk screening is conducted in primary care, screening is offered to community-dwelling older people based on age and the suitability of the fallprevention interventions being provided in that age group (i.e. aged 65-89 years; whereby the upper age limit is applied for modelling purposes only). A Markov structure with a one-year cycle period and five event states represent outcomes associated with falling. The model was used to estimate the impact of a fall-related care pathway on number of fallers and falls, health service use (e.g. hospitalisation), residential care admission and death. To explore the impact of care-pathway effectiveness, age-related characteristics, cost and uptake on cost-effectiveness, eight fall-based care pathways and no care pathway were modelled stratified by five age groups with univariate and bivariate sensitivity analyses conducted using a range of values for the modelled intervention referral uptake, fall-risk screening efficacy and utility decrements.
Choice of modelled care pathways
The model was developed as part of the Perfect Patient Pathway (PPP) Test Bed [14] . The QTUG device was used to screen for fall risk within older people (e.g. aged 65+) within primary care practices in the Sheffield city region, with subsequent referral to a fall-prevention intervention if identified at high fall risk (i.e. statistical risk of falling >70%). Further details on the QTUG and PPP can be found elsewhere [14] .
In the model, QTUG is compared to TUG as a commonly used fall-risk assessment test; however, it should be noted that QTUG sensitivity and specificity data were based on those at medium risk (i.e. statistical risk of falling >50% [8] ) and for TUG high risk (i.e. TUG score ≥ 13.5 seconds [6] ) of falling, which is described as a limitation and assessed in the univariate and probabilistic sensitivity analyses (PSA). Modelled fall-prevention interventions included: Otago home-based exercise, Falls Management group Exercise programme (FaME) Tai Chi and home safety assessment and modification (HAM); which were all included in a recent fall-based return-on-investment tool commissioned by Public Health England [15] . All care pathways were assessed against 'no care pathway' (i.e. no fall-risk assessment nor fall-prevention intervention). Appendix S1 provides a brief description of these assessments and interventions.
Model structure and assumptions
A two-part model structure included: (i) an initial decision tree models the accuracy of the fall-risk assessment to inform fall-prevention intervention referral and (ii) longer-term fallrelated events are captured using a state transition, cohortbased Markov model with five event states, building on the fall-related model by Poole, Smith [16] (see Appendix S2). The five event states are as follows: (1) 'well/insignificant fall'-a person can be well or suffers an insignificant fall, which has no effect on quality of life and requires no additional care; (2) 'minor fall: emergency department (ED)'minor fall requiring an ED visit; (3) 'major fall: hospitalisation'-same as minor fall with subsequent inpatient admission; (4) 'long-term care'-care home admission; (5) 'dead'-due to a fall, 1-year care-home-related or age-related mortality. Transition probabilities were assigned to the likelihood of movement between event states. A decision tree and Markov state-transition schematic model are depicted in Appendix S3. Model cycle period and time horizon is 1 and 2 years, respectively, due to limited trial evidence to suggest any longer term intervention benefit [2, 15] .
This model is a necessary simplification of the complexities around falls and does not fully represent current NICE Falls guidance [1] (NICE checked these guidelines in May 2019 and are currently being updated), instead focussing on specified screening with prevention interventions independently based on available empirical evidence. A full list of model assumptions is provided in Appendix S4. A key assumption is that a person can only be referred to a fallprevention intervention if deemed at risk of fall by a fall-risk assessment. Being referred to a fall-prevention intervention in any other way or outside of a primary-care setting is not modelled (e.g. an acute setting).
Model input parameter estimates
Transition probabilities, utilities and costs were sourced from the empirical literature or other data sources (e.g. office for national statistics), as presented and referenced in Table 1 .
Transition probabilities
Transition probabilities represent the probability of moving between the five states in the model per 1-year cycle period as presented in the model schematic (Appendix S3). The model accounts for the prevention interventions' efficacy for reducing risk of being a faller (dependent on age) and rate of falls (see Table 1 ), which affects transition through the model. The majority of transition probabilities are based on observational data stratified by age groups (65-69, 70-74 and 75-89); parameterised using R (number of occurrences) and N (sample size) [12] .
Utilities
Health state utilities are used to represent a preference value placed on a health state, where a value of 1 is considered equivalent to 'perfect health' and 0 equivalent to 'dead'. A utility decrement reflects negative events (i.e. how an event such as falling can negatively impact on a person's preferencebased health state). These are used to calculate qualityadjusted life years (QALY) whereby the 'quality adjustment' is the utility value, and this is calculated over 'life years', which is the amount of time spent in a health state. A base-case utility value was used for the 'well' state based on community dwelling older people aged 65 (i.e. youngest age in the model) [17] to which age-related multipliers were applied [18] . To conserve monotonicity in the PSA, statebased utility decrements were applied, which included the utility decrement of the less severe state(s) (see Table 1 ); e.g. a major fall can never have a utility decrement lower than a minor fall.
Costs
Care pathway costs were based on the PPP study implementation costs or sourced from Public Health England [15] . For the PSA, gamma distributions were fitted at the unit cost level (see Appendix S5). Care home costs are treated as social care costs (as the costing perspective for care homes is complex; e.g. if self, local authority or NHS funded) and so modelled separately to healthcare (HC) costs.
Other model characteristics
As the model focuses on GP practice-based screening, it is necessary to estimate the eligible practice population. The number of patients per practice in England is estimated at 7,685 people [19] . Assuming the age split in practices is similar to the general population, of the total practice population on average this equates to: 425 people (5.53%) aged 65-69, 333 (4.34%) aged 70-74 and 557 (7.25%) aged 75-89 [19] . 'Base rate of falls for fallers' (Table 1) is estimated from Gillespie, Robertson [2] using control group data for the parameters: 'falls per person year', 'number in analysis' and 'number of fallers'.
Base-case economic evaluation: cost per QALY
QALYs based on health-state utility values and costs, the latter for a HC and health and social care (HSC) costing perspective, are estimated for the whole cohort rather than for an individual. Head-to-head analyses are run whereby one care pathway is compared to another care pathway (or no care pathway) and incremental cost-effectiveness ratios (ICERs) [3] . c Standard errors were not provided in the original paper or with the unit cost. In order to make this parameter probabilistic, the standard error around the point estimate was assumed to be 10% of the mean. d Based on those studies included as having an intervention described as 'Multiple-component home-based exercise' within Gillespie, Robertson [2] . e Based on those studies included as having an intervention described as 'Multiple-component group exercise' within Gillespie, Robertson [2] . f Based on those studies included as having an intervention described as 'Tai Chi' within Sherrington, Fairhall [11] . Only Tai Chi as an exercise-based intervention could be updated to use the 2019 Cochrane review focussed on the use of exercise due to the fact that 'Multiple-component home-based exercise' and 'Multiplecomponent group exercise' are not distinguished in the 2019 review. g Based on those studies included as having an intervention described as 'Home safety assessment and modification intervention' within Gillespie, Robertson [2] . h This is the utility decrement estimated by Thiem, Klaaßen-Mielke [28] associated with ''two or more falls' (0.025). i This is the utility decrement estimated by Thiem, Klaaßen-Mielke [28] associated with a 'Fear of falling' (0.073) brought on by the major relative to minor fall during the fall cycle; note, the 'minor fall' utility decrement is also applied in the modelling analysis such that the cumulative utility decrement for a major fall is 0.98 (i.e. 0.025 + 0.073).
estimated. An ICER is the difference in costs divided by the difference in benefits (e.g. QALYs) between two alternatives. Cost-effectiveness is then evaluated in terms of the additional cost per one additional unit of benefit (i.e. QALYs). This is then compared to a decision threshold such as NICE's willingness to pay (WTP) per additional QALY threshold of £20,000 to £30,000 [20] ; e.g. an ICER less than £30,000 (i.e. ICER < £30,000) would be considered cost-effective and an ICER above this would not be considered costeffective. Also, a £0 WTP threshold is used whereby cost savings are preferred to QALY gains. The base-case assumes that everyone aged between 65 and 89 that is registered with a GP practice is eligible for fall-risk screening and subsequent fall-prevention intervention. If a person is identified at risk of falling, they will take the advice of their GP and attend one of the modelled interventions independently.
Probabilistic sensitivity analysis (PSA)
The uncertainty around cost and effects was modelled by fitting appropriate distributions to estimates obtained from the literature (Table 1 ) and were used in a Monte Carlo simulation with 5,000 repetitions to model joint parameter uncertainty as part of the PSA. A PSA is a random resampling of the model parameters followed by a recalculation of the ICER. The input parameter is not necessarily the point estimate value (e.g. mean value), but rather it is a random value from a pre-specified fitted distribution to reflect the range of possible values the parameter can take. This is then done 5,000 times to try to capture the impact the uncertainty of each parameter has on the probability that an intervention is cost-effective. Key results are presented as cost-effectiveness acceptability curves (CEACs) that plot the likelihood an intervention is cost-effective over a range of a WTP per QALY thresholds (e.g. £20,000 to £30,000).
Univariate and bivariate sensitivity analyses
In the univariate (i.e. changing one-point estimate input parameter independently) and bivariate (i.e. changing twopoint estimate input parameters jointly) sensitivity analyses: (i) uptake on fall-prevention intervention post-risk-screening was varied from 100 (base case i.e. all people accept their referral) to 75, 50, 25, 10 and 1%; noting that at 0% no one receives intervention and no benefits are observed; (ii) QTUG sensitivity and specificity were independently or jointly varied from 0.05 to 0.95 in 0.05 increments; noting that 0 and 1 were not tested as these imply no or perfect sensitivity and specificity, which was deemed improbable and (iii) utility decrements were varied by 0.01 increments from ≈50 up to ≈200% the base-case value.
Results

Base-case analysis and PSA
As the QTUG-based care pathways dominate (>QALYS; <cost) the TUG-based care pathways across all age-based cohorts, only QTUG versus no-care-pathway results have been presented here (see Appendices S6 and S7 for more details). The cost-effectiveness of the QTUG-based care pathways relative to no care pathway is dependent on the age of the cohort (see Table 2 ). If the QTUG-based care pathway is provided to patients aged 75-89, it has a high probability of being cost-effective across all interventions compared to no care pathway (a CEAC showing these results are presented in Figure 1 ). Using the NICE upper threshold (i.e. ICER < £30,000) for cost-effectiveness, the QTUGbased care pathways are not cost-effective compared to no care pathway for patients under the age of 75. If patients aged 65-74 are combined with those aged 75-89, a QTUG-based care pathway can be cost-effective dependent on subsequent fall-prevention intervention, but at lower probabilities, than for 75-89 alone.
An additional nine-way analysis comparing all care pathways simultaneously was conducted based on net monetary benefit (NMB), a description and associated results that are presented in Appendix S8.
Univariate and bivariate sensitivity analyses
The ICERs (cost-effectiveness, ICER < £30,000) at 10% uptake of intervention post-QTUG-based referral compared to no care pathway in those aged 75-89 were (see also Appendix S9): FaME, dominates (>QALYs; <cost), Otago, £24,035 (cost-effective), HAM, £42,025 (not cost-effective) and Tai Chi, £43,900 (not cost-effective).
Appendix S10 shows the matrix trade-off between relative changes in QTUG sensitivity to specificity and subsequent effect on cost-effectiveness compared to TUG or no care pathway (focussing specifically on those aged 75-89 with FaME). If QTUG and TUG sensitivity are equivalent (i.e. both 0.31), QTUG compared to TUG produces lower costs (equivalent QALYs) due to its higher specificity (0.81 versus 0.74), thus better ability to avoid additional cost of providing fall-preventions intervention to non-fallers albeit with no QALY gain; if QTUG and TUG specificity are equivalent (i.e. both 0.74), QTUG still dominates TUG at a sensitivity rate ≈0.35 (QTUG base-case sensitivity = 0.67). At a sensitivity rate ≈0.45, QTUG dominates no care pathway irrespective of specificity rate.
Appendix S11 shows the matrix trade-off between falls and long-term-care-related utility decrements. If the basecase utility decrements were increased to 200%, the QTUGbased care pathways in those aged 65-74 would still not be considered cost-effective (i.e. ICER > £30,000).
Discussion
QTUG-based fall-risk screening and providing a fallprevention intervention to those identified as at fall risk is cost-effective compared to TUG-based screening. The costeffectiveness of QTUG-based care pathways compared to no care pathway is dependent on the age of the cohort screened for fall-risk, with the most cost-effective option to screen only people aged 75-89 with referral to a fall-prevention intervention for those identified at risk of falling.
The probability of a care pathway being cost-effective compared to no care pathway increases as the age of the cohort increases because the modelled probability of an injurious fall increases with age. This is an important factor for consideration because if screening is based on age, the suggestion is that you screen all people in this age group (e.g. everyone aged 65-89) until you identify those at risk of an adverse outcome (e.g. falling) followed by intervention referral to avoid the adverse outcome; however, as four out of five people who fall do not suffer an injury which requires medical care (modelled as no utility decrement nor resources used), many of these avoided falls have no QALY benefit or potential cost saving, as it is only one in five who have a fall for whom a QALY gain and cost saving could be achieved. Fall-related adverse events (e.g. injurious falls) do not seem to occur enough in those aged 65-74 to warrant care-pathway investment to avoid these events in the modelled analysis, whereas these adverse events occur more often (around 3-4 times more often) in people aged 75-89 where the care pathways have a high probability of being cost-effective. However, it should also be noted that there can be noninjurious aspects of falls, for example fear of falling and the accompanying negative aspects of social isolation and inactivity. These are not fully accounted for in the model, as described below in section 'Limitations'.
Chronological age though is potentially a poor differentiating factor to use to identify those who would benefit from screening. Instead, frailty has been shown to be a better predictor of mortality and variations in outcomes in older age [21] , with falls often considered as a deficit associated with frailty [22] . Although the QTUG can assess frailty [9] , primary-care-based frailty screening can be conducted using the electronic Frailty Index (eFI) based on care record data [22] (i.e. without the person present; noting this has its limitations e.g. aspects such as current physical functioning 62 Economic modelling of fall-related care cannot be assessed using the eFI, which can be using the QTUG frailty assessment [9] ); the eFI was considered within the PPP, but no data were obtained for modelling purposes. Basing screening on frailty rather than age may be a better initial predictor of an injurious fall relative to a generalised fall in older people, but data for modelling purposes are currently lacking. There are also other characteristics, which could be considered as part of screening for fall-risk outlined within NICE guidance, in particular a history of falls [1] , which could be included within a model. However, we did not include these in our model due to: (i) the PPP basing initial screening on age rather than history of falls for practical reasons; (ii) known difficulties with identifying a history of falls, as older people often do not report falls unless they result in an injury requiring care and hence history of falls can be imperfect; and (iii) identifying people at fall risk based on a history of falls means that the first fall cannot be prevented as it has already occurred, and hence a key benefit of not basing fall risk on history of falls is the possibility of preventing a first fall. Despite the limitations of basing initial screening on age followed by a fall-risk screening tool such as QTUG, age tends to be more readily, reliably known relative to history of falls and allows for the potential to avoid the first fall, which could lead to further falls. History of falls could be combined with these other factors and modelled when this evidence is available.
Limitations
Those wishing to use these modelling results as part of evidence-based decision making should consider the key model assumptions outlined in Appendix S4, also noting that the model does not fully represent NICE Falls guidance [1] . One key thing to note is that not all parameters control for age-related characteristics. Specifically, fallprevention intervention effectiveness was not stratified by age cohorts within which efficacy may differ for various age-related factors (e.g. muscle deterioration and ability to benefit from intervention; falls rate relative to injurious falls and subsequent effects on quality of life and care resources consumed), which subsequently effect cost-effectiveness. As such, this modelling analysis may under-or over-estimate care-pathway cost-effectiveness if intervention efficacy is age dependent, which is not transparent based on the 2012 Cochrane review evidence [2] . However, the recent 2019 Cochrane review of exercise interventions [11] does present some age-related sub-group analyses, but could not be used for this analysis as it does not differentiate between group and home exercise (but does include Tai Chi), which is needed to differentiate between Otago and FaME as commonly used, but different (e.g. setting, efficacy and cost) exercise interventions; this is also the reason why Tai Chi efficacy evidence in the model is sourced from the 2019 review [11] compared to Otago and FaME efficacy sourced from the 2012 review [2] . Also noting, it is assumed that four in five falls has no effect on quality of life or care resource use; however, non-injurious effects related to even insignificant falls (e.g. fear of falling) has quality of life implications, which are not captured in this model other than for major falls (which captures fear of falling as a utility decrement, applied as an assumption), as there is no evidence to suggest what proportion of fallers suffer from 'fear of falling'. Therefore, the model may underestimate QALY gains from insignificant and minor falls; although utility decrement values were assessed in the univariate and bivariate analyses, which suggested that the modelled utility decrements would have to greatly increase (>200% base-case) to affect potential for a care pathway to move from being considered not costeffective to cost-effective. It is also assumed that the efficacy of the fall-risk assessment and fall-prevention intervention are independent of each other, which may not be true.
The QTUG sensitivity and specificity data source has two key limitations: (1) it is based on one main study of QTUG sensitivity and specificity conducted by the manufacturer (i.e. Kinesis Health Technologies Ltd) [8] and as a result may be biased [9] ; (2) the study was based on medium risk of falling (i.e. statistical risk of falling >50%; note, high risk >70%) and for the TUG, this was based on high risk (i.e. TUG score ≥ 13.5 s). To account for these limitations, we specified efficacy uncertainty associated with QTUG in the PSA and assessed a change in QTUG sensitivity and specificity estimates on subsequent cost-effectiveness results in the univariate analysis (see Appendix S10); in both cases, QTUG efficacy would need to decrease closer to TUG efficacy to be considered comparatively not cost-effective due to the small difference in per-person screening and sunk cost.
Conclusion
The QTUG fall-risk assessment with FaME fall-prevention intervention had the highest probability of cost-effectiveness when primary-care-based screening was conducted in community-dwelling people aged 75-89. Despite limitations and the fact the model does not fully represent current NICE Falls guidance, decision makers should give careful consideration to implementing the aforementioned care pathway due to the high probability of cost-effectiveness identified from the modelling analyses. sis Health Technologies Ltd. We especially thank Rachael Hatton who developed the initial model while employed by ScHARR (University of Sheffield), but has left the university sector and health economics profession for a different career and so did not contribute to this manuscript for publication.
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